Abstract: Transparent film samples of hydroxyethyl cellulose (HEC) based on solid polymeric electrolytes (SPE) were prepared by the plasticization of HEC with glycerol and addition of lithium perchlorate salt. SPEs with different quantities of glycerol and LiClO 4 were studied by electrochemical impedance spectroscopy (EIS), Dynamic Mechanical Thermal Analysis (DMTA), TGA (Thermogravimetric Analysis) and DSC (Differential Scanning Calorimetry). The ionic conductivity measurements revealed that the sample containing [O]/[Li]=8 and 48% of glycerol showed the conductivity value of almost 10 -4 S/cm at room temperature. The TGA analysis of electrolytes with high plastizant and salt concentrations showed 25% weight loss after heating to 130 o C, which can be related to the liberation of absorbed water. Finally, DMTA measurements showed changes attributed to the glass transition (T g ) evidenced by the decrease in the elastic modulus value and peaks in the tanδ curves. These results demonstrated that HEC is a good material to be used as a matrix for new solid polymeric electrolytes.
Introduction
The production, stocking and distribution of energy are some of the main interests of industry and modern society. The development of new solid materials to be used as solid polymeric electrolytes offers an opportunity to create new systems of energy generation and storage that can revolutionize many industrial areas. Solid polymeric electrolytes represent a promising alternative to liquid electrolytes and inorganic crystals, which are used in batteries, sensors and electrochromic devices [1] [2] [3] .
Ionic conductivity is usually associated with liquids, but it can also occur in the solid state as ceramics, nanocomposite, polymers or gels. Solid polymeric electrolytes consist of a salt dissolved in a polymer matrix (in this case the plasticized HEC) forming an ion-conducting solid solution. However, for this application, the polymer has to possess certain properties, such as amorphous character, oxygen molecules in its structure, low glass transition temperature, electrochemical and dimensional stability, mechanical resistance and the possibility of forming relatively thin films or pellets [4] [5] [6] [7] .
Polymer electrolytes with lithium salts dissolved in a matrix have been widely studied ever since the pioneering works of Wright et al [8] and Armand et al. [9] . Most of the previously characterized systems are based on polyether chains, most commonly poly(ethylene oxide) (PEO) which, in combination with alkali metal salts, exhibits a high ionic conductivity of about 10 -5 S.cm -1 . However, these materials show high ionic conductivity only at elevated temperatures, i.e., about 60 to 80 °C. PEO also presents crystallinity and the disadvantage of drying upon aging, which results in its low durability. In order to decrease PEO's crystallization tendency and T g , several researchers started to modify their structure by chemical and/or physical methods [10] [11] [12] [13] .
Among several types of ionic conductors recently investigated, materials based on polysaccharide precursors are quite promising and interesting. The advantages of the polysaccharide precursor materials are their great availability in nature and, consequently, low price, which is important from the point of view of industrial application [14] . As they can be extracted from plants, such as wood, sugar cane bagasse, cotton fibres, etc., i.e., renewable sources, they consequently have biodegradable properties [15, 16] .
HEC is a very important cellulose derivative due to its good viscosimetric, emulsifying, stabilizing, dispersing and agglutinant properties as well its high solubility in several organic solvents and water and its ability to form films with desirable mechanical properties. These characteristics make HEC appropriate for applications in ink, paper, food, pharmaceutical, cosmetic, ceramic, textile and agricultural products.
The authors recent studies have been motivated by the desire to show that natural polymers based on polysaccharides and their derivatives can be modified to obtain solid polymeric electrolytes [17, 18] . As substrates for this research, starch and cellulose derivatives, like HEC and HPC (hydroxypropyl cellulose) were chosen and subsequently subjected to grafting with PEO-based macromolecules as well as plasticization processes with glycerol and ethylene glycol. It was observed that both kinds of modifications, as well as lithium salt addition, promote the formation of SPEs. It was also found that plasticization processes are easier than the grafting ones for SPEs preparation and result in transparent film samples with ionic conductivity values ranging from 10 -5 to 10 -3 S.cm -1 , depending on the sample [19] . The present paper aims to describe an effective method of preparation of ion-conducting HECbased SPEs and also the results of their ion conduction and thermal characterization studies. The methods of preparation were optimized by varying the preparation conditions of samples, i.e., by plasticizing them with different quantities of glycerol and adding different lithium salt (LiClO 4 ) quantities.
Results and Discussion
According to the authors' previous study of plasticized HEC [20] , it was stated that the best plastizant content is 48% in mass of HEC, which is higher when compared to samples of plasticized starch. In the starch samples the best quantity of glycerol was 30% in mass of starch [21] . Aiming to determine the optimal quantity of LiClO 4 [14] .
The influence of plastizant content on the samples was also verified, as shown in the same Table. The best conductivity values were obtained for the samples with higher quantities of glycerol when compared with plasticized starch samples [19, 22] , i.e., for the samples with 48% and 60% of glycerol. However, it should be noted that a high quantity of glycerol, i.e., 60% can promote an exudation process as well liquid state formation at higher temperatures due to the presence of a large amount of plastizant [20] .
Tab. 1. Ionic conductivity values for SPEs with different concentrations of lithium salt and plastizant at 30
o C.
Samples with the same glycerol content
Samples with the same salt content The importance of the plastizant for the ionic conductivity properties of the samples was verified by the impedance measurements of two samples, both containing lithium salt ([O]/[Li]=8) and one of them with 48% of glycerol and the other without it.
The conductivity results as a function of temperature are shown in Figure 1 , which clearly shows that the sample containing glycerol exhibits higher conductivity values over the entire range of temperatures. Aiming to analyse the thermal stability of the obtained samples, TGA analyses were performed. Figure 2 shows representative TGA curves, where it can be stated that an increase in the amount of salt (Fig 2a) and plastizant (Fig 2b) o C. This phenomenon is accompanied by an endothermic peak observed in the DSC curve (not showed here) and can be explained as the loss of absorbed water by the samples. At this point it should be stated that both glycerol and lithium perchlorate are hydrophilic substances and their presence promotes an increased water absorption capacity of the film. The thermal degradation of the samples starts at about 200 o C and continues to 350 o C over which no more changes are observed, indicating a formation of solid residues due to the degradation product of polymer, glycerol and lithium perchlorate salt [23] . From a molecular point of view, the random rupture of the polysaccharide and lignin chains occurs, resulting in a release of low molar mass components and consequently, an important mass loss is observed in the TG analysis. The same thermal behaviour was observed for the samples with the same salt concentration and different glycerol contents (Fig. 2b) . It is important to stress that all samples for the conductivity and mechanical tests were treated at temperature range below to thermal degradation. Figure 3a it can be stated that all the samples with 48% of glycerol and different salt concentration show a very low T g value, in all cases below room temperature, and usually close to -60 °C, similarly to starch-based SPEs [19] (Figure 3b) . It was also observed that the weight loss of these samples increased with the increase in the glycerol content from 6% for the sample without glycerol to about 25% for the sample containing more than 48% of glycerol. This phenomenon can be explained by the hygroscopic properties of the glycerol and lithium salt. As such, an increase in the concentration of those components in the samples promotes larger amounts of absorbed water, which is, consequently, eliminated during the heating. On the other hand, water (polar substance) is also a good plastizant for HEC (also polar), as well as glycerol. This fact is evidenced by the tendency of the T g to decrease in films with higher salt and glycerol contents (Figure 3a and b) . Both plastizants, i.e., glycerol (intentionally added into the polymeric matrix) and water (naturally absorbed by the electrolyte) are small molecules that lodge among the polymeric chains promoting an increase in the motion of their segments in the amorphous phase. It reduces the intermolecular attraction forces due to the breaking of hydrogen bonds among hydroxyl groups belonging to different chains. Consequently, the system becomes more flexible, which results in a lower T g value [24 -26] . As mentioned above, in systems, such as plasticized HEC, the insertion of the small molecules of glycerol promotes a decrease in the polymer chain-chain interactions facilitating the rotational movement of the atoms around the simple covalent bonds. This can be observed by a decrease in the E ' module obtained from DMTA [27] , which characterizes the changes of the mechanical properties of the SPE samples. The results of these measurements are shown in Figure 4 , which illustrates the DMTA curves for the electrolytes with 48% glycerol and different salt concentration (Fig. 4a) (Fig. 4b) . From these results a two-stage variation in the E´ module value can be observed. In a general way, at low temperatures (below -50 °C), the samples show a more rigid behaviour, evidenced by the high value of the elastic modulus (above 10 9 Pa). This is related to the fact that at low temperatures, the HEC chains do not have enough mobility to allow great deformations. By increasing the temperature, the value of the E´ modulus starts to decrease from approximately 10 9 to 10 6 Pa, in the temperature range of -40 to 20 °C. Such variation is characteristic of phase transition, which, in the present case, can be attributed to T g [28, 29] . Figure 5 shows the results of tanδ as a function of temperature. For all samples a peak around 0 o C is observed, exactly in the range of temperature where an accentuated variation of the elastic modulus was observed (Fig. 4) . As the tanδ peak represents a point in which E' is suffering fast changes, it can be a good indicator of transitions, such as T g . At the glass transition temperature the tanδ value generally increases due to the onset of cooperative movement of the segments of the polymeric chains in the amorphous state. Comparing two series of the samples, it can be stated that when a larger amount of lithium perchlorate (Fig. 5a ) and glycerol ( Fig. 5b) is incorporated in the HEC matrix, the tanδ peak progressively moves to lower temperatures. Also the samples with large quantities of salt and plastizant showed second tanδ peak at about 75 o C. This second peak can be attributed to the loss of absorbed water, which promotes an increase in the system rigidity. These changes can be confirmed by TGA results (Fig.  2) as well DMTA measurements, where an increase in the E' modulus is observed [30, 31] (Fig. 4) .
The mechanical tests (DMTA) shows that all polymer electrolyte remain solid at room temperature which a good flexibility (see E' module and tanδ). This result is important to confirm the obtaining of solid polymeric electrolytes (SPE).
Conclusions
In summary, it can be concluded that the SPEs based on plasticized HEC and containing LiClO 4 showed ionic conductivity values in the range of 10 -5 S/cm at room temperature comparable to other SPEs. The best ionic conductivity value of 9.6·10 . From the DSC analysis the glass transition temperature of about -70 °C was confirmed by DMTA measurements, which also showed the hydrophilic character of the samples. All these results showed that the SPE samples based on plasticized HEC are good candidates to be used as solid polymeric electrolytes.
Experimental
The hydroxyethyl cellulose (HEC) used was supplied by UNION CARBIDE CHEMICAL PRODUCTS LTD. It had a degree of polymerization of 1835, degree of substitution (DS) equal to 0.88 and molar substitution (MS) equal to 1.35. Before using HEC, the samples were dried overnight at 60 °C under vacuum. The glycerol was supplied by Synth with P.A purity degree and molar weight of 92.09 g.mol -1 . The salt was purchased from Aldrich with purity degree of 95% and used without further purification. In all experiments distilled water was used.
0.25g of HEC were dissolved under magnetic stirring in 20 mL of distilled water while glycerol was added. Next, the system was left under magnetic stirring for six hours, and lithium perchlorate was added. The solution with homogeneous viscous liquid appearance was then dispersed on a Teflon ® plate and dried at 40 °C for 48 hours under vacuum. Finally, before storing the samples in a dry box, they resulted in stable and mechanically flexible transparent films of thickness ranging from 0.01 to 0.02 cm. Two series of samples were prepared. Thermogravimetric analyses (TGA) were performed using SHIMADZU TGA-50 equipment in a nitrogen dynamic atmosphere at a flow rate of 50 mL.min -1 and heating rate of 10 °C.min -1 , in the temperature range from room temperature to about 600 °C. Differential Scanning Calorimetry (DSC) analyses were performed with SHIMADZU DSC-50 equipment to determine the T g of the samples. These measurements were taken in duplicate with heating rates of 20 °C.min -1 (first run) and 10 °C.min -1 (second run) in the temperature range from room temperature to 140 °C (first run, to remove residual water) and from -100 to 140 °C (second run) in a nitrogen atmosphere (50 mL.min -1 ). This last run was used to determine the T g from its first derivative peak.
DMTA measurements were taken using Mark V of RHEOMETRIC INSTRUMENTS monitored by a Hewlett-Packard 9816 computer. A heating rate of 2 °C.min -1 was used with a frequency of 1 Hz. The typical sample's dimensions were 2x4x5 mm in a single cantilever beam geometry.
The ionic conductivity measurements were performed by impedance spectroscopy using Eco Chemie-Autlab PGSTAT 30, with FRA2 module, in a frequency range from 10 Hz to 10 6 Hz with amplitude of 5 mV. The heating of the measurement cell (from room temperature to 80 °C) was accomplished with an EDG 5P oven under vacuum.
